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ABSTRACT 
 
Full Name : [Naif Radhyan Al-Mutairi] 
Thesis Title : [An Extension to The Shadow Filters Theory] 
Major Field : [Electrical Engineering] 
Date of Degree : [April 2015] 
 
The shadow filter theory was proposed in 2010. It was about changing the center 
frequency of a band pass filter by acting on an external amplifier. The shadow filtering 
provide great features where some of the filter parameters can be tuned externally 
without touching the passive or active components of the filter itself. The requirements of 
the shadow filter, proposed in 2010, are a 2
nd
 order filter, feedback amplifier as well as a 
summing circuit at the input.  This work is an extension to the theory where the shadow 
filtering is achieved only by 2
nd
 order filter and a feedback amplifier without need to the 
an externally connected summing circuit. In addition to that, the shadow filter theory is 
extended to other types of filters. For example, the concept of the shadow filtering theory 
is utilized to tune the bandwidth and the center frequency independently for the band-
pass filters and band stop filters.  Moreover, the same concept is applied on the low pass 
and high pass filters to tune the center frequency with and without control over the 
quality factor. 
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1 CHAPTER 1 
INTRODUCTION 
2 In 2010, Y. Lakys and A. Fabre proposed for the first time the theory of 
the shadow filter [1]. It is a new family of second order analog filters. The concept of 
the shadow filter is based on changing the characteristic frequency of the 2
nd
 order 
filter by acting on the gain of an external amplifier. 
3 In the shadow filter, acting on the external amplifier's gain lead to a 
change in the center frequency of the band-pass filter while the quality factor will 
adapt its value to maintain constant bandwidth. This feature is achieved without 
modifying the passive and active components of the filter. This approach is very 
useful in designing the reconfigurable filters where the center frequency is varying 
over a wide frequency range. Moreover, the hop between two consecutive bands will 
be carried out very quickly during the signal transmission. In addition to that, 
electronic fine tuning of the filter parameters using this approach can be very 
attractive to compensate for the non-ideal effects. 
4 If the external amplifier's gain is controlled by a DC current or voltage, the 
analog signal will be saved from the distortion resulting from switches because the 
switching is in the dc domain. Contrary to other tuning techniques, such as the 
switched capacitors technique where the tuning is done via the switching frequency 
and in this case the analog signal will suffer from the switching distortion. 
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5 The idea of the shadow filter can be extended to two interesting 
characteristics depending on which output port is feeding the feedback amplifier. The 
two interesting characteristics are tuning the bandwidth with tuning or fixing the 
center frequency. Also, tuning the center frequency and bandwidth with fixing the 
quality factor.  
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Shadow Filters 
In 2010, Y. Lakys and A. Fabre proposed a shadow filter [1]. It is a new family of 
second order analog filters. The idea of the shadow filter is based on changing the 
characteristic frequency of the 2
nd
 order filter by acting on the gain of an external 
amplifier. 
Consider the second order filter in Fig.1 with the transfer functions: 
 
Fig. 1: Basic 2nd order filter [1] 
 
𝐅𝐁𝐏(𝐬) =
𝐕𝐁𝐏
𝐕𝐈𝐍
 =
 𝒂′𝒔
𝟏    +     𝒂𝒔    +      𝒃𝒔𝟐
 
 
(1) 
 𝐅𝐋𝐏(𝐬) =
𝐕𝐋𝐏
𝐕𝐈𝐍
=  
𝒅′
𝟏    +     𝒂𝒔    +      𝒃𝒔𝟐
 (2) 
Note that all the constant (a, b, a' and d') are real and positive. 
If the low pass output is amplified by external amplifier of gain A and then added to 
the VIN so that the VE = VIN - AVLP as shown in Fig.2: 
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Fig. 2: 2nd order shadow filter [1] 
The transfer function of the bandpass filter is now given by Eq(3): 
 𝐅𝐁𝐏𝑨(𝐬) =
𝐕𝐁𝐏
𝐕𝐄
 =
𝑎′𝑠
1 − 𝐴𝑑′
1    +    
𝑎𝑠
1 − 𝐴𝑑′     +     
𝑏𝑠2
1 − 𝐴𝑑′
 (3) 
Table.1 shows the different between the basic 2
nd
 order filter and the shadow filter 
in terms of the filters' parameters: 
Table 1: Filter Characteristics of Fig.1 and Fig.2 
 Basic 2
nd
 order filter ( Fig.1) Shadow filter ( Fig.2) 
Center frequency 𝒇𝒐 =
𝟏
𝟐𝝅√𝒃
 𝒇𝒐𝑨 = 𝒇𝒐 √𝟏 − 𝑨𝒅′ 
Q-factor 𝑸 =
√𝒃
𝒂
 𝑸𝑨 = 𝑸√𝟏 − 𝑨𝒅′ 
Bandwidth 𝑩𝑾 =
𝒂
𝟐𝝅𝒃
 𝑩𝑾𝑨 = 𝑩𝑾 =
𝒂
𝟐𝝅𝒃
 
BP Gain 𝑮𝑩𝑷 =
𝒂′
𝒂
 𝑮𝑩𝑷𝑨 = 𝑮𝑩𝑷 
LP Gain 𝑮𝑳𝑷 = 𝒅′ 𝑮𝑳𝑷𝑨 =
𝑮𝑳𝑷
√𝟏 − 𝑨𝒅′
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 It is clear from Table.1 that the characteristic frequency can be tuned by the gain 
of the external amplifier provided that ( 1 − 𝐴𝑑′ ) is positive. Fig.3 shows the center 
frequency of the shadow filter versus the gain of the amplifier A. 
 
Fig. 3: foA/fo variation Vs Gain of amplifier [1] 
When the gain of the amplifier is negative, the center frequency of the shadow 
filter ( foA ) will be greater than the center frequency of the starting filter ( fo ); that's in 
region 3. However, if the gain of the amplifier is positive and less than 1/d', foA will be 
smaller than fo as shown in region 2. While the shadow filter is not feasible in region 1. 
 
2.2 Nth Order Shadow Filters:  
The idea of the shadow filters has been generalized to class-n shadow filters [2] 
by the same authors, where the center frequency of the n
th
 order shadow filter will be 
𝑓𝑜𝐴 = 𝑓𝑜(1 − 𝐴𝑑
′)
𝑛
2  
Fig.4 shows the class-1 shadow filter, where the basic 2
nd
 order filter (starting 
filter) is now called class-0 shadow filter.  
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Fig. 4: Class 1 Shadow Filter [2] 
 
N
th
 order shadow filter can be realized if the low pass signal is amplified by N 
number of amplifiers and summing them with the input signal. For each amplifier in the 
feedback, there must be an amplifier with gain (1-Ad') in the low pass output to 
compensate for the low pass gain (GLP) reduction as it is illustrated in Fig.5 
 
Fig. 5: Nth Order Shadow Filter [2] 
 
Table.2 shows the n
th
 order shadow filter parameters compared with the starting 
filter. 
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Table 2: Filter Charactrisctics of Fig.5 and Fig.1 
 Basic 2
nd
 order filter ( Fig.1) Nth Order Shadow filter ( Fig.5) 
Center frequency 𝒇𝑶 =
𝟏
𝟐𝝅√𝒃
 𝒇𝑶𝑨𝒏 = 𝒇𝑶(𝟏 − 𝑨𝒅
′)
𝒏
𝟐 
Q-factor 𝑸 =
√𝒃
𝒂
 𝑸𝑨𝒏 = 𝑸(𝟏 − 𝑨𝒅
′)
𝒏
𝟐 
Bandwidth 𝑩𝑾 =
𝒂
𝟐𝝅𝒃
 𝑩𝑾𝑨𝒏 = 𝑩𝑾 
BP Gain 𝑮𝑩𝑷 =
𝒂′
𝒂
 𝑮𝑩𝑷𝑨𝒏 = 𝑮𝑩𝑷 
LP Gain 𝑮𝑳𝑷 = 𝒅′ 𝑮𝑳𝑷𝑨𝒏 =
𝑮𝑳𝑷
√𝟏 − 𝑨𝒅′
 
 
Fig.6 shows the variation of  fOAn / fn  versus the gain of the external amplifiers 
for different values of n ( the order of the shadow filter). When A is negative (region 3) 
f0An is greater than f0 and its increasing is even faster as n is greater. While for n=2, the 
evolution is a linear function. However, the filter is not feasible for A greater than 1. 
 
Fig. 6: foAn / fn  versus  A ; for several values of n [2] 
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2.3 requency Agile Filters (FAF): 
 
In the literature, the frequency agile filter is a reconfigurable filter where the hop 
between two bands (from f 1 to f 2) is carried out very quickly during the transmission of 
the signal [3]. 
Assuming the center frequency is adjustable between two values: fOMin and fOMax, 
the adjustment range is defined in [3] as the ratio between fOMax and fOMin:  
𝑛 =
𝑓𝑂Max
𝑓𝑂Min
 
The tunable filter in [3] is the filter whose tuning of fo is around fo to compensate 
for the drift in the center frequency fo due the non-ideality and other factors or in other 
words: 𝑓𝑂Max  < 2𝑓𝑂Min . 
While the reconfigurable filter is the filter whose center frequency is expected to 
be tuned over a wide range of frequencies; or in other words: 𝑓𝑂Max  > 2𝑓𝑂Min . 
2.4 Circuit Implementation: 
 
In [4], The authors proposed a current mode shadow filter based on ZC-CITA (Z-
Copy Current Inverter Transconductance Amplifier). The outputs of the high pass filter 
and bandpass filter are also amplified and summed to the input, where the gain of the 
amplifiers in the low pass feedback and the bandpass feedback are used to tune the 
bandwidth and the center frequency independently. They used two ZC-CITAs and two 
9 
 
current amplifiers. However, a current buffer or a current mirror is needed to take the 
band-pass output current.   
In [5] and [10] CDTA(current differencing trans-conductance amplifier)  
frequency agile filter (FAF) was proposed. The authors in [5] proposed three circuits to 
realize class-0, class-1 and class-2 FAF based on CDTA. They used two CDTAs, two 
CDTAs and one trans-conductance amplifier and two CDTAs and three trans-
conductance amplifiers respectively. While in [10] only two classes of FAF are 
introduced; one is class-0 FAF (simple band-pass filter) consisting of one CDTA, two 
grounded capacitors and one floating resistor. While class-1 FAF consists of and two 
CDTA, two grounded capacitors and two resistors. However, in [5] and [10] the band-
pass output current can't be taken without current buffer or current mirror. Authors in 
[10] extended the idea of class-0, class-1 and class-2 FAF to VDTA (voltage differencing 
trans-conductance amplifier) and their proposed circuits consist of one VDTA , two 
VDTAs and three VDTAs respectively. The simulation results for [5] and [10] are based 
on simulations using 0.25µm TSMC CMOS technology model parameters. The 
performance of the FAF of [5] and [10] are evaluated in terms of power dissipation, SNR 
and output noise voltage. 
Fabre and Lakys in [3],[6] and [8] proposed class-1 FAF based on CCCII+. The 
class-0 FAF contains 3 CCCII+ as well as 2 capacitors. The low pass output is fed into 
three parallel CCCII+ configured as current amplifiers. The gain of the current amplifier 
is controlled by its biasing current which is controlled by switch. The adjustment ratio 
was 𝑛 = 5.1 where 𝑓𝑂Min = 239.7 𝑀𝐻𝑧 𝑎𝑛𝑑 𝑓𝑂Max = 1.223𝐺𝐻𝑧. The same authors in 
[7] proposed the same class-0 FAF. However, there is a set of four current amplifiers 
10 
 
where their biasing current is digitally controlled. Based on the digital input, class-1 FAF, 
class-2 FAF and class-3 FAF can be achieved.  
Dutta Roy in [7] extended the idea of the shadow filters. He suggested taking the 
feedback from the high pass output to get higher Q quality factor at lower frequencies as 
well as taking the feedback from the band-pass filter to get variable Q with constant 
center frequency. Moreover, the author raised a question about the possibility of having 
constant Q with a variable center frequency. 
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CHAPTER 3 
PROPOSED WORK 
Fabre and Lakys proposed the shadow filter [1] based on the single-input dual-
output filter. Thus the block diagram of Fabre's scheme shown in Fig.7 consists of: 
 2nd order filter 
 Amplifier in the feedback path 
 Summing circuit to sum the input signal with feedback signal  
 
Fig. 7: Class-1 shadow filter [1] 
Now, let us consider dual-input single-output 2
nd
 order filter as shown in Fig.8 
Assuming A, B, a and b are real positive, the transfer functions given by eq.4: 
 
Fig. 8: Dual Inputs Single Output Filter 
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 𝑽𝑶 =
𝑨𝒔𝑽𝟏    +    𝑩𝑽𝟐
𝒂𝒔𝟐    +   𝒃𝒔  +   𝟏
 (4) 
Table 3: Filter characteristic of Fig.8 
Center Frequency Bandwidth Band pass Gain (V2=0) Low Pass Gain (V1=0) 
𝒇𝑶 =  
𝟏
𝟐𝝅
√
𝟏
𝒂
 𝑩𝑾 =  
𝒃
𝟐𝝅𝒂
 𝑮𝑩𝑷𝑭 =
𝑨𝒂
𝒃
 
 
𝑮𝑳𝑷𝑭 = 𝑩𝒂  
 
 
3.1 New Extension to the Shadow Filters Theory 
 
A new proposed scheme for the shadow filter is shown in Fig.9 which can be 
considered a new extension to the shadow filters theory. 
 
Fig. 9: New type of class-1 shadow filter 
 
Theoretical approach: Assuming A, B, a and b are real positive:  
 𝑽𝑶 =
𝑨𝒔𝑽𝒊𝒏 + 𝑮𝑩𝑽𝑶
 𝒂𝒔𝟐 + 𝒃𝒔 + 𝟏
 (5) 
 𝑽𝑶 [𝟏 −
𝑮𝑩
𝒂𝒔𝟐 + 𝒃𝒔 + 𝟏
] =
𝑨𝒔𝑽𝒊𝒏
𝒂𝒔𝟐 + 𝒃𝒔 + 𝟏
 (6) 
 𝑽𝑶 =
𝑨𝒔𝑽𝒊𝒏
𝒂𝒔𝟐 + 𝒃𝒔 + 𝟏 − 𝑮𝑩
 (7) 
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 𝑽𝑶 =
𝑨𝒔𝑽𝒊𝒏
𝟏 − 𝑮𝑩
𝒂
𝟏 − 𝑮𝑩 𝒔
𝟐 +
𝒃
𝟏 − 𝑮𝑩 𝒔 + 𝟏
 (8) 
 
Table 4: Filter characteristics of Fig.9 
Center Frequency Bandwidth Band pass Gain 
𝒇𝑶 =
𝟏
𝟐𝝅
√
𝟏
𝒂
√𝟏 − 𝑮𝑩 
 
𝑩𝑾 =  
𝒃
𝟐𝝅𝒂
 
 
𝑮𝑩𝑷𝑭 =
𝑨𝒂
𝒃
 
 
Table.5 shows the comparison between the Fabre's scheme and the proposed 
scheme: 
Table 5: Comparison between Fabre's scheme and the proposed scheme 
 Fabre's Scheme Proposed Scheme 
2
nd
 Order Filter  Yes Yes 
Feedback Amplifier  Yes Yes 
Summing Circuit Yes No 
 
The main advantage of the proposed shadow filter over Fabre's scheme is that no 
need for summing circuit at the input signal where the amplified feedback signal will be 
fed to another input ( V2: the input which will produce the low pass charactristic at the 
output). 
Fabre's shadow filter scheme consists of two output ports; low pass port and 
bandpass port,  so, in the current mode filters,  using the Fabre's scheme is preferable  
because sampling and mixing the current will be easier. While in the proposed scheme, a 
current mirror is needed to sample the output current.  
14 
 
However, in the voltage mode filters, the proposed design is preferred compared 
to the fabre's scheme because no need for using summing circuit with the input voltage.  
3.1.1 Practical Verification for the proposed scheme of the shadow filters: 
To verify the new scheme of the shadow filter, a dual input single output CFOA 
based filter, which is a modified version of the circuit proposed in [9], is implemented as 
shown in Fig.10 
 
 
The transfer function is:  
 𝑉𝑂 =  
−
1
𝑅2𝑅4𝐶1𝐶2
𝑉2   +   𝑠
1
𝑅4𝐶2
𝑉1
𝑠2   +   𝑠
1
𝐶2𝑅5
  +   
𝑅1
𝑅2𝑅4𝑅6𝐶1𝐶2
 (9) 
This filter is implemented in NI ELVIS II+ breadboad, the NI ELVIS hardware 
are accessed through measurement instruments that are accessed, viewed and controlled 
from the PC. 
 
 
Fig. 10: Dual input single output CFOA filter [9] 
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The experimental results are shown in Fig.11 and summarized in Table 6: 
 
Fig. 11: Gain and phase frequency response 
 
Table 6: The theoretical and experimental results of Fig.10 
 Center Frequency Bandwidth Band pass Gain 
Theoretically 34.2KHz 48 KHz 3.3 
Experimentally 34.7 KHz 56 KHz 2.6 
 
After taking the measurement of the filter charactristcs, the shadow filtering is 
applied by amplifying and feeding the output volatage to V2 ( the input voltage that 
produce low pass output) as shown in Fig.12.: 
16 
 
 
Fig. 12: Class-1 shadow filter 
 𝑉𝑂 =  
    𝑠
1
𝑅4𝐶2
𝑉𝑖𝑛
𝑠2   +   𝑠
1
𝐶2𝑅5
  +   
𝑅1
𝑅2𝑅4𝑅6𝐶1𝐶2
 (1 − 𝐴 (−
𝑅6
𝑅1
))
 (10) 
Circuit in Fig.12 is implemented in NI ELVIS II+ breadboard. Then, the circuit is 
tested under several values of the feedback voltage amplifier gain ( 0, 1,2,3 and 4), where 
(− 𝑹𝟔/𝑹𝟏) represents the gain of low pass filter when V1 is set to zero. While 𝑨 =
𝑹𝒃/𝑹𝒂 repesents the gain of the amplifier. Table 7 shows the experiemental results. 
Table 7: The experiemental results of class-1 shadow filter in Fig.12 
Amplifier Gain (A) (− 𝑹𝟔/𝑹𝟏) Center frequency BW 
Gain of 
BPF 
0 -4 34.7 KHz 56 KHz 2.6 
1 -4 81 KHz 62 KHz 2.4 
2 -4 100 KHz 62 KHZ 2.4 
3 -4 130 KHz 52 KHz 2.8 
4 -4 146 KHz 53 KHz 3 
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Fig. 13: The gain (a) and phase  (b)  frequency response of Fig.12 
 
The BW of circuit Fig.12 should be theoretically constant while there is an error 
in the experimental results as shown in table 7. This error is around 10.7 % in the worst 
case and it is coming from the non-idealities of  the amplifer used,  which is in this case 
CFOA. 
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Fig.14 shows center frequency variation versus feedback amplifier gain  
 
 
Fig. 14: Center frequency versus the gain 
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3.2 A New multi-feedback amplifiers band-pass shadow filter: 
 
A number of feedback amplifers can be applied to the proposed bandpass shadow 
filter in Fig.9 so that the center frequency will be a function of feedback amplifers' gains. 
Consider the mutiple input single output  2
nd
 order filter shown in Fig.15 with the 
transfer function in Eq.11 .When the input signal is fed to Vin, a bandpass filtering 
function will be produced at the output provided that all the other inputs ( V1,V2…Vn) are 
grounded. However, when the input signal is fed to one of the inputs: V1 up to Vn , a low 
pass filtering function will be produced at the output provided that all the others inputs 
are grounded. 
2nd order filter 
Vn
Vo
Vin
V2
V1
.   .   .
.   .   .
 
Fig. 15: Mutiple inputs single output filter 
 𝑉𝑂 =
𝐴𝑠𝑉𝑖𝑛 + 𝐵1𝑉1 + 𝐵2𝑉2 … 𝐵𝑛𝑉𝑛
 𝑎𝑠2 + 𝑏𝑠 + 1
 (11) 
A new proposed multi-feedback amplifiers bandpass shadow filter can be 
obtained by connecting n number of feedback amplifers from the output to the inputs  
(V1,V2… Vn ) while the input signal is fed to Vin as shown in Fig.16. 
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2nd order filter 
G1
Vn
Vo
Vin
G2
Gn
V2
V1
.   .   .
.   .   .
.   .   .
.   .   . .   .   .
.   .   .
.   .   .
.   .   .
 
Fig. 16: Multi- feedback amplifiers bandpass shadow filter 
Analysis:  
Assuming a, b, A and Bi (i=1, 2,…n) are real positive:  
 
 𝑉𝑂 =
𝐴𝑠𝑉𝑖𝑛 + 𝐺1𝐵1𝑉𝑜 + 𝐺2𝐵2𝑉𝑜 … 𝐺𝑛𝐵𝑛𝑉𝑜
 𝑎𝑠2 + 𝑏𝑠 + 1
 (12) 
   
 𝑉𝑂 [1 −
𝐺1𝐵1 + 𝐺2𝐵2 … 𝐺𝑛𝐵𝑛
𝑎𝑠2 + 𝑏𝑠 + 1
] =
𝐴𝑠𝑉𝑖𝑛
𝑎𝑠2 + 𝑏𝑠 + 1
 (13) 
   
 𝑉𝑂 =
𝐴𝑠𝑉𝑖𝑛
𝑎𝑠2 + 𝑏𝑠 + 1 − (𝐺1𝐵1 + 𝐺2𝐵2 … 𝐺𝑛𝐵𝑛)
 (14) 
   
 𝑉𝑂 =
𝐴𝑠𝑉𝑖𝑛
1 − (𝐺1𝐵1 + 𝐺2𝐵2 … 𝐺𝑛𝐵𝑛)
𝑎
1 − (𝐺1𝐵1 + 𝐺2𝐵2 … 𝐺𝑛𝐵𝑛)
𝑠2 +
𝑏
1 − (𝐺1𝐵1 + 𝐺2𝐵2 … 𝐺𝑛𝐵𝑛)
𝑠 + 1
 (15) 
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 Using eq.5, the filter characteristics are summarized in table 8.  
Table 8: Filter characteristics of Fig.16 
Center Frequency Bandwidth Band pass Gain 
𝑓𝑂 =
1
2𝜋
√
1
𝑎
√1 − (𝐺1𝐵1 + 𝐺2𝐵2 … 𝐺𝑛𝐵𝑛) 
 
𝐵𝑊 =  
𝑏
2𝜋𝑎
 
 
𝐺𝐵𝑃𝐹 =
𝐴𝑎
𝑏
 
 
Now, the the center frequency of the shadow filter will be a function of the 
feedback amplifers' gain. The multi-feedback amplifers shadow filter can be used to get 
higher tuning range for the center frequency since as the number of feedback amplifiers 
increases, the tuning range of the center frequency increases. Also, it can be very useful  
in the fine tuning and course tuing for the center frequency.  
3.2.1 Practical Implementation for the new proposed multi-feedback 
amplifiers band-pass shadow filter:  
To verify the new proposed multi-feedback amplifiers bandpass shadow filter, a 
second order multi-inputs single outputs filter [12] is implemented as shown in Fig.17; 
where V1,V2 & V3 produce a low pass filtering function in the output provided that all 
other inputs are grounded while the Vin produces a band pass filtering function at the 
output. 
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Fig. 17: Muti-inputs single output OpAm filter  [12] 
 
The transfer function of Fig.17 is:  
 𝑉𝑂 =
−
1
𝐶2𝑅4
𝑠𝑉𝑖𝑛 −
1
𝐶1𝐶2𝑅4𝑅1
𝑉1 −
1
𝐶1𝐶2𝑅4𝑅2
𝑉2 −
1
𝐶1𝐶2𝑅4𝑅3
𝑉3
 𝑠2 + 𝑠(
1
𝑅1
+
1
𝑅2
+
1
𝑅3
+
1
𝑅4
+
1
𝑅5
)/𝐶1 +
1
𝐶1𝐶2𝑅4𝑅5
 (16) 
 The filter in Fig.17 is implemented with the corresponding components' value in 
the figure. To achieve a band pass filter, V1,V2 & V3 set to ground and the input signal is 
fed to Vin. Table.9 shows the experiemental results of possible scenarios for feeding the 
input signal to circuit of Fig.17. 
Table 9: The possible scenarios of input signal to circuit of Fig.17 
 Type of Filter Gain (V/V) 𝑓𝑂  (𝐾𝐻𝑧) 
Vin = input signal BPF 4.7 𝟗. 𝟑 𝑲𝑯𝒛 
V1, V2 or V3 = input signal LPF 20 𝟗. 𝟑 𝑲𝑯𝒛 
 
To verify the multi-feedback amplifiers bandpass shadow filter's diagram which is 
proposed in Fig.16, a three current feedback amplifiers from the output to V1,V2 & V3 are 
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applied for case n = 3 as shown in Fig.18, while for case n = 2; a two current feedback 
amplifiers from the output to V1 & V2 are applied as shown in Fig.19, and also for case n 
= 1, a single current feedback amplifier is applied from the output to V1 as shown in 
Fig.20 
The center frequency for the three cases of the shadow filter: 
 𝑓𝑂3 = 𝑓𝑂√1 − (𝐺1𝐴𝐿𝑃1 + 𝐺2𝐴𝐿𝑃2 + 𝐺3𝐴𝐿𝑃3)     ;   𝑛 = 3 (17) 
 𝑓𝑂2 = 𝑓𝑂√1 − (𝐺1𝐴𝐿𝑃1 + 𝐺2𝐴𝐿𝑃2)                       ;   𝑛 = 2 (18) 
 𝑓𝑂1 = 𝑓𝑂√1 − (𝐺1𝐴𝐿𝑃1)                                        ;   𝑛 = 3 (19) 
Where ALP1,ALP2 & ALP3  represent the DC gain of the low pass filters when the 
input signal is fed to one of the  V1,V2 & V3  and the other inputs are grounded including 
Vin as it is clear in Fig.17 and Eq.16 
And G1,G2 & G3 represent the gain of the current feedback amplifiers and they are tuned 
together from gain 0 V/V up to 1 V/V during the expreiement for the three cases 𝑛 =
1,2,3 to compare the tuning range of the center frequency for these three cases.. 
 In Fig.17 example, the DC gain of the three low pass filters are set to be identical 
 𝐴𝐿𝑃1 =
𝑅5
𝑅1
 = 𝐴𝐿𝑃2 =
𝑅5
𝑅2
= 𝐴𝐿𝑃3 =
𝑅5
𝑅3
= −20 𝑉/𝑉 (20) 
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Fig. 18: triple feedback amplifier  bandpass shadow filter ( n = 3 ) 
 
Fig. 19: double feedback amplifier bandpass shadow filter ( n = 2 ) 
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Fig. 20: single feedback amplifies bandpass shadow filter ( n = 1 ) 
The three circuits in Fig18, 19 and 20 are implemented and the amplifiers' gain 
are unified and set to be tuned from gain 0 V/V to  gain 1 V/V to show the tuning range 
of the center frequency..  
Fig. 21 shows the center frequency versus the feedback amplifiers' gain for 
different number of feedback amplifers banpass shadow filters  
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Fig. 21: The center frequency of the banpass shadow filters of Fig.18-20 versus the feedback amplifiers' gains 
 
 Fig21 shows the center frequency of the shadow filter versus the gain of the 
feedback amplifer. The error percentage does not exceed 8% especially when the center 
frequency excced 60 KHz. This error is due to the erro in the phase shift of the feedback 
amplifier and this error is resulted from the non ideality of used CFOA. 
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3.3 Tuning the bandwidth of the notch filter based on the shadow 
filter theory: 
The idea of the shadow filtering can be extended to tuning the bandwidth of the 
notch filter. 
Consider a second order dual input single output filter as shown in Fig.22 with the 
transfer function. 
2nd order filter 
V1
Vo
V2
 
Fig. 22: Basic 2nd order filter 
 𝑽𝑶 =
( 𝑨𝒔𝟐 + 𝑩 )𝑽𝟏    +    𝑪𝒔𝑽𝟐
𝒂𝒔𝟐    +   𝒃𝒔  +   𝟏
 (21) 
 
Assuming A, B,C, a and b are real positive, The filter characteristics is 
summarized in table 10:   
Table 10 shows the filter parameters of Fig.22 
Center Frequency Bandwidth Notch Filter Gain (V2=0) Band Pass Gain (V1=0) 
𝒇𝒐 =  
𝟏
𝟐𝝅
√
𝟏
𝒂
 𝑩𝑾 =  
𝒃
𝟐𝝅𝒂
 
𝑳𝑭 𝑮𝒂𝒊𝒏 = 𝑩 
 
𝑯𝑭 𝑮𝒂𝒊𝒏 =
𝑨
𝒂
 
 
 
𝑮𝑩𝑷𝑭 = 𝑪
𝒂
𝒃
 
 
 
If the input signal is fed to V1 and the output signal is amplified and fed to V2 as 
in Fig.23, the output will be a notch filter such its bandwidth is controlled by the gain of 
the amplifier while the center frequency is fixed as shown in table 11. 
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2nd order filter 
G
V1
Vo
V2
 
Fig. 23: Shadow notch filter 
 The new transfer function will be: 
 𝑽𝑶 =
( 𝑨𝒔𝟐 + 𝑩 )𝑽𝟏    
𝒂𝒔𝟐    +  (𝒃 − 𝑮𝑪)𝒔  +   𝟏
 (22) 
Table 11:The filter's parameters of Fig.23 
Center Frequency Bandwidth Notch filter Gain 
𝒇𝒐 =  
𝟏
𝟐𝝅
√
𝟏
𝒂
 𝑩𝑾 =  
𝒃 − 𝑮𝑪
𝟐𝝅𝒂
 
𝑳𝑭 𝑮𝒂𝒊𝒏 = 𝑩 
𝑯𝑭 𝑮𝒂𝒊𝒏 =
𝑨
𝒂
 
 
3.3.1 Practical Verification for the Proposed Notch Filter: 
To verify the new scheme of the notch filter, a dual input single output CFOA 
filter is implemented. It is a modification version of the proposed circuit in [8] and shown 
in Fig.24  
 
Fig. 24: DISO CFOA Filter [8] 
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The transfer function is:  
 𝑉𝑜 =  
  (𝑠2 +
1
𝑅1𝑅3𝐶1𝐶2
 ) 𝑉1   − 𝑠
1
𝑅1𝐶2
𝑉2  
𝑠2   +   𝑠
1
𝐶2𝑅2
  +   
1
𝑅1𝑅3𝐶1𝐶2
 ((23) 
Fig.25 shows the gain and phase frequency response using NI ELVIS II+ 
breadboard where V2 is grounded in order to get notch response at the output. 
 
Fig. 25: gain and phase frequency response of Fig.24 using NI ELVIS II+ 
 
Table 12: The theoretical and experimental results of Fig.24 
 Center Frequency Bandwidth The Pass Band Gain 
Theoretically 159.1 KHz 159.1 KHz 1 
Experimentally 173 KHz 191 KHz 1 
 
After taking the experiemental measurements of notch filter,a feedback amplifier 
is applied from the output to the V2 as shown in Fig.26: 
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Fig. 26: Shadow notch filter 
 
The new transfer function of the  notch filter is: 
 𝑉𝑂 =  
  (𝑠2 +
1
𝑅1𝑅3𝐶1𝐶2
 ) 𝑉1   
𝑠2   +   𝑠( 
1
𝐶2𝑅2
+ 𝐺
1
𝑅1𝐶2
)   +   
1
𝑅1𝑅3𝐶1𝐶2
 ((24) 
 
 So, the bandwidth of the notch filter is controlled by the gain of the feedback 
amplifer where 𝐺 = −𝑅5/𝑅4 . While the center frequency of the notch filter is fixed. 
The circuit in Fig.26 is implemented and tested in the lab under several values of 
the feedback voltage amplifier gain (-0.2,-0.4,-0.6,-0.8). Table13 shows the theoretical 
and experimental values of the bandwidth for the  notch filter in Fig.26. 
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Table 13: Experimental and Theoretical results of the notch filter of Fig.26 
G Theoretical Values Experimental Values 
0 160 KHz 191 KHz 
-0.2 127 KHz 174 KHz 
-0.4 95 KHz 134 KHz 
-0.6 63 KHz 97 KHz 
-0.8 32 KHz 50 KHz 
 
 The difference between the theoretical and the experimental values is coming 
from the non-idealities of the feedback amplifier CFOA3 (Fig.26). The feedback amplifer 
is expected to produce amplifed output signal with 180
o
 phase shift. Since the center 
frequency of notch filter is relatively high around 170 KHz ,so there is significant error in 
the phase of the feedback amplifer which contribues in disturbing the bandwidth of the 
notch filter. 
 Fig.27 shows the gain frequency response of  Fig.26 
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Fig. 27:  Gain and frequency response  of the notch filter of Fig.26  
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3.4 Tuning the center frequency of the notch filter based on the 
shadow filter theory: 
The center frequency of notch filter can be tuned using the concept of the shadow 
filter theory. Usually, any notch filter can be obtained from summing the low pass filter 
and the high pass filter as shown in Fig.28. 
2nd order filter Vn
Vo
LPF
HPF NF
 
Fig. 28: Notch Filter Diagram 
Assuming A, B,C, a and b are real positive: 
 𝑽𝑶 =
( 𝑨 + 𝑩𝒔𝟐 )𝑽𝒏  
𝒂𝒔𝟐    +   𝒃𝒔  +   𝟏
 (25) 
Table 14: The center frequency and the gain of Fig.28 
Center Frequency Notch Filter Gains 
𝒇𝒐 =  
𝟏
𝟐𝝅
√
𝟏
𝒂
 
𝑫𝑪 𝑮𝒂𝒊𝒏 = 𝑨,        𝑯𝑭 𝑮𝒂𝒊𝒏 = 𝑩/𝒂 
 
 
If the low pass output is amplified and fed to the input with a summing circuit, the 
center frequency of the high pass output and the low pass output will be modified to 
𝑓𝑂𝐺 = 𝑓𝑂√1 − 𝐺𝐴𝐿𝑃  (refer to [1] and Eq.12 -15). However, the DC gain of the low pass 
output will be reduced by a factor of   
1
1−𝐺𝐴𝐿𝑃
  while the high pass gain will stay constant. 
So, the DC gain should be compensated by an amplifier which has a gain of (1 − 𝐺𝐴𝐿𝑃) 
so that the high pass output and the amplified low pass output can be summed to obtain a 
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notch filter where the center frequency is controlled by the gain of the external amplifier 
as shown in Fig.29. 
2nd order filter Vn
Vo
LPF
HPF
G
LPF1-GA
 
Fig. 29: Shadow notch filter 
The new transfer function of Fig. 29 will be: 
 𝑽𝑶 =
( 𝑩𝒔𝟐 + 𝑨(𝟏 − 𝑮𝑨𝑳𝑷𝑭) )𝑽𝒏    
𝒂𝒔𝟐    +   𝒃𝒔  +   𝟏 − 𝑮𝑨𝑳𝑷𝑭
 (26) 
 
Table 15: The center frequency and the gain of Fig.29 
Center Frequency Notch filter Gain 
𝒇𝒐 =  
𝟏
𝟐𝝅
√
𝟏
𝒂
√𝟏 − 𝑮𝑨𝑳𝑷𝑭 
𝑫𝑪 𝑮𝒂𝒊𝒏 = 𝑨/𝒂 ,    𝑯𝑭 𝑮𝒂𝒊𝒏 = 𝑩/𝒂 
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3.4.1 Practical Verification for proposed shadow Notch Filter: 
To verify the shadow notch filter scheme proposed in Fig.29, a single input multi 
output CFOA filter, which was proposed in [11] is implemented as shown in Fig.30 
 
Fig. 30: Single input multi-outputs CFOA filter [11] 
The transfer functions of the three outputs VO1, VO2 & VO3 are:  
 𝑉𝑜1 =  
 
𝑅(𝑅3 + 𝑅4)
𝑅4𝑅3
𝑠2  𝑉𝑖𝑛
𝑠2   +   𝑠
𝑅
𝐶1𝑅1𝑅4
  +   
𝑅
𝑅1𝑅2𝑅3𝐶1𝐶2
 ((27) 
 𝑉𝑜2 =  
  
𝑅(𝑅3 + 𝑅4)
𝑅1𝐶1𝑅3𝑅4
𝑠  𝑉𝑖𝑛  
𝑠2   +   𝑠
𝑅
𝐶1𝑅1𝑅4
  +   
𝑅
𝑅1𝑅2𝑅3𝐶1𝐶2
 ((28) 
 𝑉𝑜3 =  
  (
𝑅(𝑅3 + 𝑅4)
𝑅1𝑅2𝑅3𝑅4𝐶1𝐶2
) 𝑉1    
𝑠2   +   𝑠
𝑅
𝐶1𝑅1𝑅4
  +   
𝑅
𝑅1𝑅2𝑅3𝐶1𝐶2
 ((29) 
Based on equations: 27-29, the notch filter can be obtained by summing the low 
pass output with high pass output as shown in Fig.31  
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Fig. 31: Single inputs multi outputs 
Fig.32 shows the gain and phase frequency response for VO4 of Fig.31 which is a 
notch filter. The experimental data was taken using NI ELVIS II+ breadboard. 
 
Fig. 32: Gain frequency response for the notch filter of Fig.30 
 
Table 14 : The gain and  the center frequency for notch filter of Fig.31 
Center frequency (KHz) DC Gain (dB) High frequency Gain (dB) 
53 KHz 13.3 13 
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In order to match the shadow notch filter proposed in Fig.29, a feedback amplifier 
is introduced from VO3 (low pass output) to the summing circuit at the input. In addition 
to that, another amplifier with gain (1 + 𝐺𝐴𝐿𝑃𝐹) is introduced from VO3 the summing 
circuit at the output to compensate for the DC gain reduction of the low pass filter due to 
the feedback amplifier as shown in Fig.33 
 
Fig. 33: Shadow notch fitler based on CFOA 
The transfer function of Fig.33 is: 
 𝑉𝑂4 =  
( 
𝑅(𝑅3 + 𝑅4)
𝑅4𝑅3
𝑠2 +
𝑅(𝑅3 + 𝑅4)(1 − 𝐴𝐷𝐶𝐺)
𝑅1𝑅2𝑅3𝑅4𝐶1𝐶2
)  𝑉𝑖𝑛1
𝑠2   +   𝑠
𝑅
𝐶1𝑅1𝑅4
  +   
𝑅
𝑅1𝑅2𝑅3𝐶1𝐶2
(1 − 𝐴𝐷𝐶𝐺)
 ((30) 
Where the ADC  represents the DC gain of the low pass filter VO3 given by 
𝐴𝐷𝐶 = (𝑅3 + 𝑅4)/𝑅4 = 5. While G represents the gain of the feedback amplifier 
(CFOA4) given by Rb1/Ra1.In Fig.33; CFOA5 and CFOA7 are summing amplifiers while 
CFOA6 represents the compensation amplifier and CFOA4 is the feedback amplifier. 
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The circuit in Fig.33 is implemented experimentally and tested for several values 
of feedback's gain (-0.2, -0.6, -1.6, -3 and -5) where the gain of the compensation 
amplifier (CFOA6) is modified accordingly to maintain equal DC and HF gains for 
different responses. Fig.34 shows the gain frequency response for the circuit of Fig.33. 
There is a small error in the center frequency due the non-idealities of the CFOA. 
Additionally, when the gain is 5𝑉/𝑉, the error is around 10% and it is resulted the 
mismatch between the feedback amplifier and the compensation amplifier.  
Table 15:The gain and  the center frequency for notch filter of Fig.33 
𝐺 (𝑉/𝑉) 1 − 𝐴𝐷𝐶𝐺  (𝑉/𝑉) 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑓𝑂 (𝐾𝐻𝑧) 𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑓𝑂 (𝐾𝐻𝑧) 
0 0 52 53 
-0.2 2 76 75 
-0.6 4 110 106 
-1.6 9 161 159 
-3 16 207 212 
-5 26 237 262 
 
Fig. 34: The magnitude response of the notch filter of Fig.33 
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3.5 Tuning the Bandwidth of the Band-pass Shadow Filter: 
In the proposed scheme of Fig.9, the center frequency of the bandpass filter is 
tuned by the amplifier gain without disturbing the bandwidth. Consider a multi input 
single output filter as in Fig.35 with the transfer function. 
2nd order filter 
V1
VoV2
V3
 
Fig. 35: MISO Filter 
 𝑉𝑂 =  
  𝐴𝑠𝑉1  + 𝐵𝑠𝑉2 + 𝐶𝑉3  
𝑎𝑠2       +     𝑏𝑠      +     1
 (31) 
 Bandpass filter will be realized if  V1 =  VIN and V2 = V3 = 0. 
 Another bandpass filter will be realized if  V2  =  VIN and V2 = V3 = 0. 
 Low pass filter will be realized if   V3  =  VIN and V2 = V1 = 0. 
If the output signal is amplified by two amplifiers with gain G1 and G2, and they 
are fed to V2 and V3 as in Fig.36. The resulting filter will be a bandpass filter where its 
bandwidth and center frequency is independently controlled by these two amplifiers as it 
is clear in the corresponding transfer function.  
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2nd order filter 
G1
V1
VoV2
V3
G2
 
Fig. 36: Shadow band-pass filter with controllable bandwidth  
 
The transfer function of the new filter is: 
 𝑉𝑂 =  
  
𝐴
1 − 𝐺2𝐶
 𝑠 𝑉1
𝑎
1 − 𝐺1𝐶
𝑠2      +   
 𝑏 − 𝐺2𝐵
(1 − 𝐺1𝐶)
 𝑠    +     1
 (32) 
Center Frequency Bandwidth Band pass Gain 
𝒇𝑶 =
𝟏
𝟐𝝅
√
𝟏
𝒂
√𝟏 − 𝑮𝟏𝑪 
 
𝑩𝑾 =  
𝒃 − 𝑮𝟐𝑩
𝟐𝝅𝒂
 𝑮𝑩𝑷𝑭 = 𝑨𝒂/(𝒃 − 𝑮𝟏𝑩) 
 
By this approach, the center frequency and bandwidth can be orthogonally 
controllable by G1 and G2, so it can be used for filters that does not enjoy orthogonal 
tuning.   
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3.5.1 Practical verification for tuning BW and fO of the shadow filter: 
Consider the circuit in Fig.37, proposed in [9], which has three inputs and single 
output with the transfer function. 
 
Fig. 37: Multi-inputs single outputs CFOA filter [9] 
 
 𝑉𝑂 =  
−
1
𝑅2𝑅4𝐶1𝐶2
𝑉1 − 𝑠
1
𝑅4𝐶2
𝑉2 + 𝑠
1
𝑅4𝐶2
𝑉3
𝑠2     +     𝑠
1
𝐶2𝑅5
    +     
𝑅1
𝑅2𝑅4𝑅6𝐶1𝐶2
 (33) 
The filter in Fig.37 is implemented in the NI ELVIS II+ breadboard. The inputs 
V1 and V2 set to the ground in order to realize band-pass filter. Table.16 illustrates the 
theoretical and experimental results. 
Table 16: Theoretical and Experimental results of Fig.37 
 Theoretical results Experimental results 
Center Frequency  25.8 KHz 26.2 KHz 
Bandwidth  32.7KHz 35 KHz 
Band-pass Gain 1  0.93 
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Applying two feedback amplifiers from the output to V1 and V2 as it is illustrated 
in Fig.38 
 
Fig. 38: Shadow CFOA band-pass filter with controlable bandwidth  
The transfer function of Fig.38 where R5=R4=R is: 
 𝑉𝑂 =  
𝑠
1
𝑅4𝐶2
𝑉3
 𝑠2     +     𝑠
1
𝐶2𝑅
(1 − 𝐵)    +     
𝑅1
𝑅2𝑅4𝑅6𝐶1𝐶2
(1 + (
𝑅6
𝑅1
)𝐴)
 (34) 
         A and B represent the feedback gains where 𝐴 = 𝑅𝑏1/𝑅𝑎1 and 𝐵 = − 𝑅𝑏2/𝑅𝑎2 . 
Now, the bandwidth and center frequency can be independently controlled by A and B. 
This band-pass filter is tested for several values of A and B where R6/R1= 4. Table 17 
shows the experimental and theoretical results. The error in the experimental results is 
due the significant error in the phase shift of the two feedback amplifers which contribues 
in disturbing the gain and the bandwidth, where the phase shift error is due to the non-
idealities of the CFOA. The results are summarized in Table17 and Fig.39 
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Table 17: Summary for the experiemental and theoretical results of Fig.38 
𝐴 𝐵 𝑓𝑂𝑇ℎ𝑜𝑒𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑓𝑂𝐸𝑥𝑝 𝐵𝑊𝑇ℎ𝑜𝑒𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐵𝑊𝐸𝑥𝑝 GBPF Theoretical GBPF EXP  
0 Zero 25.8 26 KHz 32.7 KHz 35 KHz 1 0.93  
-0.25 24.5 KHz 27 KHz 1.3 1.3 
-0.5 16 KHz 18 KHz 2 1.8 
1 Zero 57.7 58 KHz 32.7 KHz 40 KHz 1 0.81 
0.25 24.5 KHz 36 KHz 1.3 0.95 
0.5 16 KHz 28 KHz 2 1.3 
4 Zero 106.4 104 
KHz 
32.7 KHz 33 KHz 1 1.1 
0.25 24.5 KHz 22 KHz 1.3 2.2 
0.5 16 KHz 10 KHz 2 4.4 
 
 
Fig. 39: Gain and Phase frequency response for mutiple of A and B 
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3.6 Tuning the Quality Factor and the Center Frequency of the High 
Pass Filter: 
Consider the block diagram shown in Fig.40 with the corresponding transfer 
function in Eq.35: 
2nd order filter 
V1
VoV2
V3
 
Fig. 40: MISO Filter 
 𝑉𝑂 =  
  𝐴𝑠2𝑉1  + 𝐵𝑠𝑉2 + 𝐶𝑉3  
𝑎𝑠2       +     𝑏𝑠      +     1
 (35) 
 High-Pass filter will be realized if  V1 =  VIN and V2 = V3 = 0. 
 Band-pass filter will be realized if  V2  =  VIN and V1 = V3 = 0. 
 Low-pass filter will be realized if   V3  =  VIN and V2 = V1 = 0. 
Fig.41 shows a block diagram for a high pass filter where the quality factor Q and 
the center frequency fo is independently controlled by the two external amplifiers G1 and 
G2 as it is illustrated in Eq.36 
2nd order filter 
G1
V1
VoV2
V3
G2
 
Fig. 41: Shadow High Pass Filter 
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 𝑉𝑂 =  
  𝐴
𝑠2
1 − 𝐺1𝐶
 𝑉1
𝑎𝑠2
1 − 𝐺1𝐶
     +   
 𝑏 − 𝐺2𝐵
(1 − 𝐺1𝐶)
 𝑠    +     1
 (36) 
Table 18: Shadow High Pass Parameters 
Center Frequency Quality Factor High pass Gain 
𝒇𝒐 =
𝟏
𝟐𝝅
√
𝟏
𝒂
√𝟏 − 𝑮𝟏𝑪 𝑸 =
√𝟏
𝒂 √𝟏 − 𝑮𝟏𝑪
𝒃 − 𝑮𝟐𝑩
𝒂  
 GHPF = 𝑨/𝒂 
 
Table18 shows the expression of the center frequency and the quality factor of the 
high pass filter. Tuning the amplifier G1, will tune the center frequency of the high pass 
filter and accordingly, the quality factor will be changed. So the amplifier G2 can be used 
to have a control over the quality factor of the high pass filter. 
3.6.1 Practical verification for tuning fO and Q of the High Pass Filter: 
The practical verification for the shadow high pass filter in Fig.41 is divided into 
two cases: 
A. Case#1:  G1 is used to tune the center frequency of the high pass filter 
while G2 is set to zero. 
 
B. Case#2:  G1 is used to tune the center frequency of the high pass filter 
while G2 is used to maintain the quality factor to be 1/√2 to achieve a 
high pass filter with flat response. 
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A. Case#1: 
Consider the circuit in Fig.42, proposed in [8], which has two inputs and single 
output with the transfer function given by: 
 𝑉𝑂 =  
−  
1
𝑅1𝑅4𝐶1𝐶2
𝑉1 − 𝑠
1
𝑅1𝐶2
𝑉2 + 𝑠
2𝑉3 
𝑠2     +     𝑠
1
𝐶2𝑅2
    +     
1
𝑅1𝑅3𝐶1𝐶2
 (37) 
 
 
Fig. 42: DISO CFOA Filter [8] 
The filter in Fig.42 is implemented in the NI ELVIS II+ breadboard. The inputs 
V1 and V2 set to the ground in order to realize high-pass filter. Fig.43 shows the gain and 
phase frequency response. Table.19 summarizes the results.  
Table 19: Theoretical and Experimental Results of Fig42 
 Theoretical result Experimental result 
fo 22 KHz 23.3 KHz 
Quality factor 0.721 0.7 
GHPF 1 1 
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Fig. 43: Gain and Phase frequency response of Fig.42 
The two feedback amplifiers are applied from the output to V2 and V3 to satisfy 
the block diagram of Fig.41 as it is illustrated in Fig.44. 
The amplifiers CFOA3 provides G1 while G2 is provided by CFOA4. 
 
Fig. 44: High Pass CFOA based shadow filter 
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The corresponding transfer function is: 
 
𝑉𝑂 =  
𝑠2𝑉1
𝑠2     +     𝑠
1
𝐶2𝑅2
(1 + 𝐺2)    +     
1 + 𝐺1 (
𝑅3
𝑅4
)
𝑅1𝑅3𝐶1𝐶2
 
(38) 
 Where 𝐺1 = 𝑅𝑏1/𝑅𝑎1 and 𝐺2 = 𝑅𝑏2/𝑅𝑎2.  
To verify case#1; the circuit in Fig.44 is implemented experimentally where G1 is 
used to tune the center frequency while G2 is set to zero. The experimental results are 
summarized in Table20. Fig.45 shows the magnitude and the phase frequency response. 
Table 20: The Experimental results for the shadow high Pass filter of Fig.44 (Case#1) 
G1 1 2 3 4 5 
G2 0 0 0 0 0 
𝑅3/𝑅4 3.8 3.8 3.8 3.8 3.8 
fo 50.1 KHz 69 KHz 83 KHz 92 KHz 103 KHz 
 
In Fig.45, the magnitude response shows peaks as the feedback amplifier's gain 
increases because as the center frequency of the high pass increases, the quality factor 
will increases by the same amount.
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Fig. 45: The gain and the phase frequency response of shadow high Pass filter (Case#1) 
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B. Case#2: 
In case#2; G1 is used to tune the center frequency of the high pass filter while G2 
is used maintain the quality factor to be 1/√2 to achieve a high pass filter with flat 
response. 
The quality factor of the original filter (Fig.42) is set to 0.721. In order to keep the 
quality factor constant during tuning the center frequency, G1 and G2 must satisfy: 
 
√1 + 𝐺1 (
𝑅3
𝑅4
)
(1 + 𝐺2)
 =   1 
(39) 
G1 is intended to be used to tune the center frequency, so G2 must satisfy Eq.40 
where 𝑅3/𝑅4 = 3.84  
 𝐺2 =   √1 + 3.84𝐺1 − 1 (40) 
The experimental results are summarized in Table21. Fig.46 shows the magnitude 
and the phase frequency response. 
Table 21: The Experimental results for the shadow high Pass filter of Fig.44 (Case#2) 
 To Maintain 𝑄 = 0.72 
G1 1 2 3 4 5 
G2 1.2 1.94 2.5 3 3.5 
fo 50.1 KHz 64 KHz 76.4 KHz 87 KHz 95 KHz 
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Fig. 46: The gain and the phase frequency response of shadow high Pass filter (Case#2) 
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3.7 Tuning the Quality Factor and the Center Frequency of the Low 
Pass Filter: 
If the block diagram shown in Fig.40 has the transfer function given by: 
 𝑉𝑂 =  
  𝐴𝑉1  + 𝐵𝑠𝑉2 + 𝐶𝑉3  
𝑎𝑠2       +     𝑏𝑠      +     1
 (41) 
 Low-Pass filter will be realized if  V1 =  VIN and V2 = V3 = 0. 
 Band-pass filter will be realized if  V2  =  VIN and V1 = V3 = 0. 
 Low-pass filter will be realized if   V3  =  VIN and V2 = V1 = 0. 
 
Fig.47 shows a block diagram for a low pass filter where the quality factor Q and 
the center frequency fo is independently controlled by the two external amplifiers G1 and 
G2. The G3 amplifier is used to maintain the gain of the shadow low pass filter constant 
because as the center frequency is tuned by√1 − G1C , the gain of the low pass filter will 
be reduced by a factor of 1 − G1C as it is illustrated in Table22. 
2nd order filter 
G1
V1
VoV2
V3
G2
G3
 
Fig. 47: Shadow Low Pass Filter 
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 𝑉𝑂 =  
  
𝐴
1 − 𝐺1𝐶
 𝑉1𝐺3
𝑎𝑠2
1 − 𝐺1𝐶
     +   
 𝑏 − 𝐺2𝐵
(1 − 𝐺1𝐶)
 𝑠    +     1
 (42) 
If the 𝑮𝟑 = 𝟏 − 𝑮𝟏𝑪, The DC gain will remain constant = A 
Table 22: The shadow low pass parameters 
Center Frequency Quality Factor High pass Gain 
𝒇𝑶 =
𝟏
𝟐𝝅
√
𝟏
𝒂
√𝟏 − 𝑮𝟏𝑪 𝑸 =
√𝟏
𝒂 √𝟏 − 𝑮𝟏𝑪
𝒃 − 𝑮𝟐𝑩
𝒂  
 𝑮𝑳𝑷𝑭 = 𝐴  
G1 is used to tune the center frequency and in the same time the quality factor will 
change, so G2 is used to have control over the quality factor while tuning the center 
frequency.  
3.7.1 Practical verification for tuning fo of  the shadow Low Pass Filter: 
The practical verification for the shadow low pass filter in Fig.47 is divided into 
two cases: 
A. Case#1:  G1 is used to tune the center frequency of the low pass filter 
while G2 is set to zero. 
 
B. Case#2:  G1 is used to tune the center frequency of the low pass filter 
while G2 is used maintain the quality factor to be 1/√2 to achieve a high 
pass filter with flat response. 
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A. Case#1: 
Consider the circuit in Fig.48, a modified version of [9], which has three inputs 
and single output with the transfer function in Eq.43 
 
Fig. 48: MISO CFOA Filter [9] 
 𝑉𝑂 =  
  
𝑅1
𝑅2𝑅4𝑅6𝐶3𝐶5
𝑉1 −
1
𝑅2𝑅4𝐶5𝐶2
𝑉2 + 𝑠
1
𝐶5𝑅4
𝑉3 
𝑠2     +     𝑠
1
𝐶5𝑅5
    +    
𝑅1
𝑅2𝑅4𝑅6𝐶3𝐶5
 (43) 
The filter in Fig.48 is implemented in the NI ELVIS II+ breadboard. The inputs 
V2 and V3 set to the ground in order to realize low-pass filter. Table.23 illustrates the 
theoretical and experimental results. 
Table 23: Experimental and Theoretical results Summary 
 Theoretical result Experimental result 
fo 34.8 KHz 31.6 KHz 
Quality factor 0.723 0.7 
GLPF 1 1 
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Fig. 49: Gain and Phase frequency response of Fig.48 
Now, the two feedback amplifiers are applied from the output to V2 and V3 to 
satisfy the block diagram of Fig.47 as it is illustrated in Fig.50 
 
Fig. 50: Low Pass CFOA based shadow filter  
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The corresponding transfer function is: 
 𝑉𝑂 =  
  
𝑅1
𝑅2𝑅4𝑅6𝐶3𝐶5
𝑉1𝐺3
𝑠2     +   𝑠 (
1
𝐶5𝑅5
+ 𝐺2  
1
𝐶5𝑅4
)  + 
𝑅1
𝑅2𝑅4𝑅6𝐶3𝐶5
(1 − 𝐺1
𝑅6
𝑅1
 )
 (44) 
 Where 𝐺1 = −𝑅𝑏1/𝑅𝑎1 , 𝐺2 = 𝑅𝑏2/𝑅𝑎2 and 𝐺3 = −𝑅𝑏3/𝑅𝑎3.  
In order to avoid the gain reduction due to the center frequency tuning, G3 must 
be: 
 𝐺3 = 1 − 𝐺1
𝑅6
𝑅1
 (45) 
To verify case#1; the circuit in Fig.50 is implemented experimentally where G1 is 
used to tune the center frequency while G2 is set to zero while the gain of the 
compensation amplifier (G3) is modified accordingly to maintain equal DC gains for 
different response . The experimental results are summarized in Table24. Fig.51 shows 
the magnitude and the phase frequency response. 
In Fig.51, the magnitude response shows peaks as the feedback amplifier's gain 
increases because as the center frequency of the low pass increases, the quality factor will 
increases by the same amount. 
Table 24: Experimental results summary of shadow LPF of Fig.50 (Case#1) 
G1 0 -1 -2 -3 -4 -5 
G2 0 0 0 0 0 0 
G3 0 4.9 7.8 12.7 16.6 20.5 
𝑅6/𝑅1 3.9 3.9 3.9 3.9 3.9 3.9 
fo 31KHz 67 KHz 92 KHz 113.5 KHz 130 KHz 150 KHz 
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Fig. 51 Gain and Phase frequency response of LPF of Fig.50 (Case#1)  
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B. Case#2: 
In case#2; G1 is used to tune the center frequency of the low pass filter while G2 is 
used maintain the quality factor to be 1/√2 to achieve a low pass filter with flat response. 
 The quality factor of the original filter (Fig.48) is set to 0.723: 
 𝑄 =  
√
𝑅1
𝑅2𝑅4𝑅6𝐶3𝐶5
1
𝐶5𝑅5
 = 0.723 (46) 
In order to maintain the flat response during tuning the center frequency, the G1 
and G2 must satisfy Eq.(47):  
 𝑄 =
√
𝑅1
𝑅2𝑅4𝑅6𝐶3𝐶5
√1 +
𝑅6
𝑅1
𝐺1
1
𝐶5𝑅5
 + 𝐺2  
1
𝐶5𝑅4
=   0.723 (47) 
Eq.48 can be derived from Eq.47 by taking Q of Eq.46 as common factor from 
Eq.47 and taking in the consideration  R6/R1=3.9 and R5/R4=3.3. 
 
√1 + 3.9𝐺1
1 + 3.3𝐺2
= 1 (48) 
Eq.48 must be satisfied to maintain the quality factor constant during tuning G1. 
The circuit in Fig.50 is tested using NI ELVIS II+ breadboard for several G1 and 
G2 as explained in Table.25. Fig.52 shows the gain and the phase frequency response. 
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Table 25: Experimental results summary of shadow LPF of Fig.50 (Case#2) 
   To Maintain 𝑄 = 0.72 
G1 0 -1 -2 -3 -4 -5 
G2 0 0.367 0.59 0.77 0.93 1.069 
G3 0 4.9 8.8 12.7 16.6 20.5 
fo 31KHz 67 KHz 92 KHz 113.5 KHz 130 KHz 150 KHz 
 
Fig. 52: Gain and Phase frequency response of LPF of Fig.50 (Case#2) 
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6 CHAPTER 4 
CONCLUSION 
The shadow filter theory has been studied and investigated. An extension to the 
shadow filters theory has been proposed based on the dual input single output filter. Thus, 
there is no need for an externally connected summing circuit as proposed shadow filter 
design compared to Fabre's design. In addition to that; a new multi-feedback amplifiers 
bandpass shadow filter is proposed and tested to give a wider tuning range for the center 
frequency. Moreover, the idea of the shadow filter has been generalized to include 
different filter configurations to obtain tunable center frequency with controllable quality 
factor (Q) as it is explained in the low pass and high pass filters and also tunable quality 
factor (Q) with constant center frequency as in the notch filter. A new proposed design 
based on the ideal of the shadow filter is introduced to tune the cut off frequency of the 
band stop filter. 
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